Epigenetic regulation of gene expression is strongly influenced by the accessibility of nucleosomal DNA or the state of chromatin compaction. In this context, coregulators, including both coactivators and corepressors, are pivotal intermediates that bridge chromatinmodifying enzymes and transcription factors. NCoR1 (nuclear receptor corepressor) and SMRT (silencing mediator of retinoic acid and thyroid hormone receptor) are among the best-characterized corepressors from a molecular point of view. These coregulators have conserved orthologs in lower organisms, which underscores their functional importance. Here we summarize the results from recent in vivo studies that reveal the wide-ranging roles of NCoR1 and SMRT in developmental as well as homeostatic processes, including metabolism, inflammation, and circadian rhythms. We also discuss the potential implications of NCoR1 and SMRT regulation of pathways ranging from genomic stability and carcinogenesis to metabolic diseases such as type 2 diabetes.
Epigenetic regulation of gene expression is strongly influenced by the accessibility of nucleosomal DNA or the state of chromatin compaction. In this context, coregulators, including both coactivators and corepressors, are pivotal intermediates that bridge chromatinmodifying enzymes and transcription factors. NCoR1 (nuclear receptor corepressor) and SMRT (silencing mediator of retinoic acid and thyroid hormone receptor) are among the best-characterized corepressors from a molecular point of view. These coregulators have conserved orthologs in lower organisms, which underscores their functional importance. Here we summarize the results from recent in vivo studies that reveal the wide-ranging roles of NCoR1 and SMRT in developmental as well as homeostatic processes, including metabolism, inflammation, and circadian rhythms. We also discuss the potential implications of NCoR1 and SMRT regulation of pathways ranging from genomic stability and carcinogenesis to metabolic diseases such as type 2 diabetes.
Epigenetic regulation by coregulators
Chromatin plays a central role in determining the transcriptional activity of genes. Epigenetic modifications, such as DNA methylation and histone modifications, directly modulate chromatin compaction and thus the accessibility of coding regions to the transcriptional machinery (Gardner et al. 2011) . One of the best-characterized types of histone tail modifications is acetylation, which, like histone methylation, phosphorylation, ADP-ribosylation, ubiquitination, and sumoylation, impacts chromatin compaction and function. It is commonly accepted that acetylation of lysine residues on histones generally correlates with a decondensed and more accessible state of chromatin, resulting in transcriptional activation of associated genes. Therefore, histone acetyltransferases (HATs) usually stimulate gene transcription, whereas histone deacetylases (HDACs) repress gene expression (Fig. 1A ).
Transcriptional coregulators, or cofactors, are the main actors in the plot of epigenetic regulation (Perissi et al. 2010) , as they recruit chromatin-modifying enzymes. Coregulators interact with transcription factors that bind in a sequence-specific way to the regulatory regions of genes. Thus, they can be considered as intermediates between transcription factors and chromatin-modifying enzymes, determining the final transcriptional output. Indeed, the same transcription factors can have opposite effects, depending on the nature of the coregulator to which they are bound, with coactivators in general stimulating and corepressors inhibiting transcription. Generally, the switch from corepressor to coactivator binding goes hand in hand with activation of the transcription factor. A good illustration of this concept is the fact that nuclear receptors (NRs), upon ligand binding, release their corepressors in order to recruit coactivators (Glass and Rosenfeld 2000) . Coregulators often act as a docking platform or scaffold for the binding of additional regulatory proteins, which is exemplified by the fact that corepressors and coactivators recruit HDACs and HATs, respectively.
The present review is focused on the role of the NR corepressor (NCoR or NCoR1) and the silencing mediator of retinoic acid and thyroid hormone receptor (SMRT, also known as NCoR2), in physiology and homeostasis. For a more detailed discussion of how NCoR1/SMRT mechanistically regulate transcription, we refer the interested reader to some recent reviews (Perissi et al. 2010; Watson et al. 2012b ).
NCoR1 and SMRT corepressors-gene and protein
NCoR1 and SMRT were both discovered in a quest to explain repression by NRs (Chen and Evans 1995; Horlein et al. 1995) , as they were found to bind thyroid hormone receptor (TR) and retinoic acid receptor (RAR) and inhibit their respective target genes. Although described as prototypical NR corepressors, later studies showed that they could also associate with non-NR transcription factors , such as FOXP1 (Jepsen et al. 2008 ).
HDAC3 appears to be the main enzyme responsible for the repressive activity of SMRT and NCoR1 because it is the protein that associates in the most stable and reproducible way with both corepressors (Perissi et al. 2010 ).
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Indeed, in the context of repression by TR, the recruitment of HDAC3 is essential for repression Lazar 2003, 2005) . In addition, the catalytic deacetylase activity of HDAC3 requires interaction with NCoR1 or SMRT (Guenther et al. 2001; You et al. 2013 ). However, NCoR1 and SMRT can also recruit other deacetylases in a context-specific manner, such as HDAC4 (Fischle et al. 2002) , HDAC5 and HDAC7 (Kao et al. 2000) , Sirt1 (Picard et al. 2004) , or HDAC1, through interaction with mSin3 (mammalian Sin3), another corepressor (Heinzel et al. 1997; Nagy et al. 1997) . Interestingly, the interaction with class II HDACs, like HDAC4, HDAC5, or HDAC7, enables the corepressors to become nutrient-sensitive, as phosphorylation by AMP-activated kinase (AMPK) controls the nuclear/cytoplasmic shuttling of class II HDACs, contrary to HDAC3 (Mihaylova et al. 2011) . In addition to their association with HDACs, NCoR1/SMRT can bind components of the basal transcriptional machinery, such as transcription factor IIB (TFIIB) and template-activating factors (TAFs), potentially blocking them in a nonfunctional conformation, hindering the initiation complex (Muscat et al. 1998; Wong and Privalsky 1998) . Although corepressor complexes are heterogeneous, context-specific, and of transient nature, some partners are regularly found in stoichiometric association with NCoR1/SMRT, as they are essential for their repressive function. In addition to HDAC3, these partners include the proteins G protein pathway suppressor (GPS2) and transducing b-like 1 (TBL1) and its homolog, TBL-related 1 (TBLR1), which all together form the core repression complex (Oberoi et al. 2011) . In addition to binding with repressive transcription factors, NCoR1/SMRT can also recruit SMRT/ HDAC1-associated repressor protein (SHARP), a repressor protein that can bind RNA and also contains motifs that are conserved in corepressors, such as the receptor interaction domain (RID) motif (Shi et al. 2001; Ariyoshi and Schwabe 2003; Mikami et al. 2012 ; see below).
The genes for NCoR1 and SMRT map to chromosomes 17 and 12 (11 and 5 in mice), respectively, and contain multiple exons. Alternative splicing events generate several mRNAs for each corepressor, which in turn translate into distinct proteins that contain different RIDs or N-terminalinteracting regions ( Fig. 1B ; Seol et al. 1996; Goodson et al. 2005 ; see below). Hence, this repertoire of corepressor isoforms constitutes an additional level of regulation for NCoR1/SMRT, which changes in a species-, context-, or tissue-dependent manner (Goodson et al. 2011) .
Both Ncor1 and Ncor2 encode extremely large proteins composed of ;2500 amino acids (molecular mass of ;270 kDa), a characteristic that facilitates protein interactions and makes working with them challenging. The homology between the two corepressors is evidenced by the high level of overall amino acid sequence identity (;40%) (Ordentlich et al. 1999; Park et al. 1999) . Therefore, it is no surprise that NCoR1 and SMRT share a similar overall structure containing conserved functional domains. Both proteins are rather unstructured in nature, as few regions are intrinsically folded. This is typical for proteins that act as a hub or platform for interactions with multiple partners (Watson et al. 2012b ). The functional domains of NCoR1 and SMRT are composed of (Fig. 1B ):
• The repression domains (RDs)-These three domains, which retain high homology between NCoR1 and SMRT, are responsible for the repressive activity of the corepressors (Li et al. 1997) . They contain highly conserved sequences for interaction with members of the core repression complex as well as with HDAC4 or Sirt1.
• The SANT-like domains (the name coming from their presence in Swi3, Ada2, NCoR1, and TFIIB)-These synergistically promote histone deacetylation. One of the SANT domains is part of the deacetylase activation domain (DAD), the region of the corepressor Figure 1 . (A) Illustration of corepressor/ coactivator exchange. Corepressor (e.g., NCoR1/SMRT; CoRep)/coactivator (CoAct) exchange results in the differential recruitment of enzymes acting on histone (white ovals) acetylation (Ac). The transcription factor in its repressive form induces a locked chromatin state through interaction with CoReps and recruitment of HDACs. The CoActs and HATs are docked when the transcription factor is active due to a conformational change induced by post-transcriptional modifications or ligand binding (e.g., NRs), schematized by a yellow dot. (B) Scheme of the functional domains of SMRT and NCoR1. Different domains are similarly arranged and conserved in both corepressors. The regions interacting with some cofactors (first row) and transcription factors (second row) are indicated. The white star represents the CoRNR box, a leucine-rich, helical motif responsible for the interaction with NRs. Based on the work of Glass and Rosenfeld (2000) , Hu and Lazar (2000) , Jepsen and Rosenfeld (2002) , Yu et al. (2003) , and Watson et al. (2012b) . See the text for detailed description.
responsible for recruitment and activation of HDAC3 (Guenther et al. 2001) . The other SANT domain, the histone interaction domain (HID), directly binds histone tails, preferentially when they are deacetylated, and enhances repression (Yu et al. 2003 ).
• The RIDs-These three domains are able to bind to NRs (Downes et al. 1996; Li et al. 1997; Webb et al. 2000; Cohen et al. 2001 ) mainly by interacting with their ligand-binding domains (LBDs) in the absence of ligands. RIDs contain an isoleucine-rich domain, named the CoRNR box. Generally, the RIDs of the corepressors bind the same region of the NRs as coactivators do, meaning that their respective binding to the NR is mutually exclusive.
Besides these well-characterized domains, other parts of the corepressors mediate the interaction with transcription factors.
Phylogenetic studies reveal that NCoR1 and SMRT proteins are conserved throughout evolution. NCoR1 and SMRT homologs have been identified in Danio rerio, Xenopus laevis, Drosophila melanogaster, and Caenorhabditis elegans, displaying conserved SANT domains (see below). In addition, the SET3 complex in Saccharomyces cerevisiae has been identified as a functional homolog of the NCoR1/SMRT complex (Pijnappel et al. 2001) . Indeed, it contains a SANT domain protein called Snt1, which binds the closest homolog of HDAC3, named Hos2, and Sif2, the homolog of TBL1. The SET3 complex inhibits the sporulation gene program by repressing meiosis.
Physiological role of NCoR1 and SMRT
Lower species and germline knockout mouse models illustrate a role in development Clues about the in vivo functions of NCoR1/SMRT first pointed toward their important role in development. The characterization of SMRTER, the Drosophila NCoR1/ SMRT homolog, demonstrated the evolutionarily conserved mode of action for these corepressors (Tsai et al. 1999) . SMRTER possesses a domain repetition similar to NCoR1 and SMRT and binds the ecdysone receptor (EcR), a NR that responds to ecdysone hormone fluctuations to regulate molting. The Drosophila homolog also mediates repression by recruitment of the dSin3 complex and associated HDACs. Developmental defects and lethality arise when the interaction between SMRTER and EcR is disrupted. In addition, the SMRTER/Ebi (homolog of TBL1) complex was discovered to mediate the cross-talk between the epidermal growth factor receptor (EGFR) and Notch signaling pathways during eye development, which determines the differentiation of photoreceptor cells (Tsuda et al. 2006) . The findings in these fly studies mirrored the central role of SMRT/HDAC1 in the mammalian Notch pathway, where Notch activation frees the Notch effector CBF1/RBP-Jk {the mammalian homolog of Drosophila suppressor of Hairless [Su(H)]} from the repression exerted by the corepressor complex (Kao et al. 1998) .
In mammals, NCoR1 and SMRT seem to have nonredundant roles because mice with germline mutations of either gene are embryonic-lethal. Characterization of NCoR1 À/À mice highlighted its role in CNS development (Jepsen et al. 2000) . Impaired erythropoiesis and a developmental arrest at the double-negative stage of T lymphocytes are also a consequence. These defects were mainly attributed to the disruption of RAR and TR signaling and resulted in the death of most embryos at embryonic day 15.5 (E15.5). SMRT also appeared critical for forebrain development by regulating RAR-dependent differentiation of neural stem cells (Jepsen et al. 2007 ) as well as for heart growth by interacting with a forkhead family member, FoxP1 (Jepsen et al. 2008) . The lethality of the SMRT À/À mouse before E16.5 was caused by heart defects.
The NCoR1/SMRT association with RAR was found also to be crucial for proper development in other nonmammalian organisms. In X. laevis, RAR repression by SMRT is necessary for head development (Koide et al. 2001) . Moreover, whereas the lethality of NCoR1
À/À mouse models underscored their important role in mid-embryogenesis, early embryogenesis is also regulated by the interaction of these corepressors with RAR, as evidenced by work in X. laevis and D. rerio (Koide et al. 2001; Xu et al. 2009; Linney et al. 2011) . Both NCoR1 and SMRT are expressed in the early zebrafish embryo, where they repress retinoid signaling. NCoR1 was shown to be crucial for the early patterning of the anterior-posterior axis of the zebrafish hindbrain, since interfering with NCoR1 mimics the developmental defects seen with abnormal RA levels (Xu et al. 2009 ). Also, SMRT is present as early as the eight-cell stage of zebrafish embryogenesis, which could suggest that it keeps important genes repressed from the time of fertilization until RA appears (Linney et al. 2011) . Recently, GEI-8, the C. elegans homolog of NCoR1/SMRT, was also shown to control worm development and homeostasis. Loss of function of gei-8 results in developmental defects and impairs growth, movement, gonadogenesis, cholinergic neurotransmission, and mitochondrial metabolism Mikolas et al. 2013 ).
In conclusion, the requirement of NCoR1/SMRT repression during development seems to be conserved, but they may operate at different stages of embryogenesis or larval development depending on the species.
Domain-and tissue-specific mouse models reveal a role in homeostasis
In this section, we describe results obtained with domainand tissue-specific gain-of-function or loss-of-function mutants that circumvent the lethality of germline NCoR1 À/À /SMRT À/À mouse models and help to precisely define their functions in homeostasis (Table 1) .
Liver-specific NCoRi, L-NCoRDID, and NCoRDID mice In combination, these three mouse models allowed researchers to establish how NCoR1 is implicated in thyroid hormone signaling. Thyroid hormone is important in growth, differentiation, and development as well as metabolic homeostasis (Song et al. 2011 ). Thyroid 
NS-DADm
Enzymatic and epigenetic, mildly metabolic Inactivity of HDAC3 in liver, heart, skeletal muscle, and in embryo; decreased genomic recruitment of HDAC3 in the liver and resulting increased local histone acetylation; induction of genes involved in lipid metabolism and of plasma triglyceride levels HDAC3 in general You et al. 2013 hormone modulates serum lipid profiles and enhances fat oxidation in the liver. Thyroid hormone also favors mitochondrial uncoupling and biogenesis and regulates glucose metabolism, as low levels of, or resistance to, thyroid hormone correlate with insulin resistance. These effects of thyroid hormone on lipid and glucose metabolism occur mainly through its impact on the liver, while in fat tissue, thyroid hormone reduces lipid storage and favors fat oxidation. NCoRi stands for a version of NCoR1 in which the RDs are deleted, meaning that binding of NCoRi to TR is ''sterile'' because no repression will ensue in the absence of the RDs. A liver-specific knock-in of NCoRi blocks the basal repression of endogenous TR targets by competing with endogenous NCoR1 for binding to TR, providing in vivo evidence that NCoR1 mediates the repression by unliganded TR (Feng et al. 2001) . Furthermore, the increase in hepatocyte proliferation in NCoRi mice indicated possible implications of NCoR1 in the control of cell proliferation.
L-NCoR1DID mice have a liver-specific deletion of the two RIDs that are essential for the interaction of NCoR1 with TR (Astapova et al. 2008) . In both the absence and the presence of thyroid hormone, expression of thyroid hormone-inducible targets is increased, which confirms the important contribution of NCoR1 to repress the nonliganded TR. Moreover, it introduces the concept that NCoR1 controls the amplitude of the response to thyroid hormone levels and determines individual or tissue-specific responses to similar levels of thyroid hormone. In parallel, studies in this mouse model also demonstrate that NCoR1 participates in liver X receptor (LXR) signaling, as the expression of LXR targets was induced in the liver of L-NCoR1DID mice.
In NCoR1DID mice, the generalized abrogation of the interaction between NCoR1 and TR increased the sensitivity of multiple tissues to thyroid hormone, typified by increased energy expenditure . Crossing of these mice with TRb mutant mice, a model of thyroid hormone resistance, rescued the resistant phenotype, demonstrating the role of NCoR1 in central and peripheral thyroid hormone resistance in vivo (Fozzatti et al. 2011) .
DADm mice A whole-body mutation in the DAD domain of NCoR1 was shown to impede binding and activation of HDAC3, resulting in impaired regulation of clock genes and circadian behavior (Alenghat et al. 2008) . The involvement of NCoR1 in diurnal regulation was in line with the fact that the repression of the Bmal1 component of the clock is mediated by the Rev-erba/ NCoR1 complex (Yin and Lazar 2005; Yin et al. 2007; Cho et al. 2012; Solt et al. 2012) . Rhythmicity in mammals is patterned by the regulation of the clock genes by two negative interlocked feedback loops. Rev-erba is involved in one of these loops-Bmal1 activates the expression of Rev-erba, which in turn represses Bmal1 (Yin et al. 2010) . The metabolic phenotype of the DADm mice is characterized by an altered oscillatory pattern of metabolic genes, lower body weight, decreased whole-body fat mass, and insulin sensitization (Alenghat et al. 2008) . Moreover, this mouse model also revealed a role for NCoR1 in the induction of thyroid hormone-mediated autophagy in the liver (Sinha et al. 2012 ).
Muscle-specific NCoR1
À/À NCoR1-specific deletion in the muscle enhanced exercise endurance, a consequence of both increased muscle mass and a shift to more oxidative muscle fibers , which contained both more and hyperactive mitochondria. NCoR1 favors the development of larger muscle, possibly through interaction with MEF2, a key myogenic transcription factor. Furthermore, the muscle fiber type shift and the induction of oxidative metabolism are achieved in this model by the absence of NCoR1's repressive interactions with peroxisome proliferator-activated receptors b/d (PPARb/d) and/or ERRa Perez-Schindler et al. 2012) . Most importantly, this study indicated a dynamic regulation of NCoR1 activity, whose expression was reduced in conditions in which fatty acid oxidation was solicited, such as long-term fasting, highfat feeding, and endurance exercise. Further explanation about NCoR1 regulation is given below.
The phenotypic features of adipocyte-specific NCoR1 À/À mice were mainly ascribed to the derepression of PPARg, the master regulator of adipocyte differentiation ). Consequently, adipocyte-specific NCoR1-deficient mice became more obese when fed a high-fat diet. These mice had a larger quantity of smaller adipocytes than are usually seen in obesity, which is normally characterized by adipocyte hypertrophy. Consistent with the insulin-sensitizing role of PPARg (Heikkinen et al. 2007 ), glucose tolerance and insulin sensitivity of liver, muscle, and fat, however, were significantly improved. Adipose-specific NCoR1 À/À mice also displayed reduced macrophage infiltration and diminished adipose tissue inflammation. As an additional proof of the derepression of PPARg, rosiglitazone, a thiazolidinedione PPARg agonist used to treat type 2 diabetes, was unable to further improve insulin sensitivity in these mice, meaning that the PPARg transcriptional program was already maximally induced. The assessment of the phosphorylation status of PPARg at Ser273 constituted a possible mechanism to explain the insulin sensitization of the adipocyte-specific NCoR1 À/À mice. Cyclindependent kinase 5 (CDK5) was previously shown to phosphorylate PPARg at this residue, inducing insulin resistance. NCoR1 depletion in adipose tissue enriched the unphosphorylated form of PPARg, which has insulinsensitizing actions; as a consequence, the mice were refractory to the activation of CDK5 with TNFa, meaning that NCoR1 directly facilitates phosphorylation of PPARg by CDK5.
SMRT mRID mice Homozygous mutations in the RID1 and RID2 of SMRT specifically disrupt its interactions with NRs (Nofsinger et al. 2008) . Mainly as a result of derepression of TR, these mutant mice exhibited reduced respiration and energy expenditure and were insulin-resistant with increased hepatic glucose output. These mice were also fatter, as a result of the induction of adipogenic genes, consequent to the derepression of PPARg. This translated into a lowered adipogenic set point, meaning a reduced threshold for adipose differentiation. In addition, pulmonary development was severely compromised in SMRT mRID mice. These mice die from acute respiratory distress syndrome (RDS) just after birth, resulting from impaired terminal differentiation of type I pneumocytes (Pei et al. 2011 ). This phenotype is rescued by anti-thyroid drugs, and thus SMRT repression governs the thyroid hormone-dependent differentiation program of pneumocytes I through the transcription factor Klf2.
SMRT mRID1 mice In these mice, mutations are restricted to one of the RIDs. On the one hand, this model can be seen as a loss of function because it impairs interactions with transcription factors through the absence of the RID1. Alternatively, these mice can also reflect a gain of function when considering that the interactions with lipid-sensing NRs, such as the PPARs, acting through the unopposed actions of RID2, may be reinforced or at least favored. Indeed, NRs binding to RID2 of SMRT face less competition for SMRT binding in SMRT mRID1 mice, as several other NRs are unable to bind SMRT anymore. The gain-of-function model was invoked to underscore the role of SMRT in aging in SMRT mRID1 mice (Reilly et al. 2010) . Expression of endogenous SMRT is induced with age in tissues with high OXPHOS activity, such as the muscle. Accordingly, SMRT mRID1 mice age in an accelerated way, as PPAR activity was potentially inhibited. Notably, SMRT mRID1 mice developed characteristics of the metabolic syndrome, such as hyperlipidemia and insulin resistance. Genes involved in fatty acid catabolism and oxidative metabolism were repressed, thereby resulting in reduced mitochondrial function. Finally, these mice were more sensitive to oxidative stress because of reduced expression of genes responsible for reactive oxygen species (ROS) defense.
The loss-of-function phenotype, revealed by disrupted interactions through RID1, seemed to manifest when SMRT mRID1 mice were exposed to an environmental stressor such as high-fat feeding (Fang et al. 2011) . Such mice became obese and showed signs of hepatosteatosis, accompanied by increased serum cholesterol and triglyceride levels. Moreover, the SMRT mRID1 mice were insulin-resistant, with reduced energy expenditure and lowered mitochondrial function, thereby shifting wholebody (and, in particular, adipose cell) metabolism toward glycolysis. Importantly, PGC-1a expression was decreased and adipocyte-associated inflammation was accentuated in SMRT mRID1 mice fed a high-fat diet. These phenotypic observations suggested that RAR, TR, and PPAR signaling pathways were likely impaired.
NS-DADm
Bearing a single-amino-acid mutation in the DAD domains of both NCoR1 and SMRT, NS-DADm mice provide the in vivo proof of concept that the interaction with the SMRT/NCoR1 corepressors is absolutely required for the deacetylase activity of HDAC3 in multiple adult tissues (e.g., liver, heart, and skeletal muscle) as well as the embryo (You et al. 2013) . As a result of the NS-DAD mutation, the level of histone acetylation in the liver was elevated to a level comparable with that measured in the liver-specific HDAC3 knockout animals . Likewise, in the liver, the recruitment of HDAC3 to NCoR1/SMRT-recruiting genomic regions was decreased, which elegantly demonstrates the pivotal role of NCoR1 and SMRT in mediating the epigenetic cues of HDAC3.
In contrast to the lethality seen in SMRT, NCoR1, and HDAC3 germline mutant mice (Jepsen et al. 2000 (Jepsen et al. , 2007 Bhaskara et al. 2008) , the viability of the NS-DADm mice implies that the critical properties of these proteins are not linked to the enzymatic activation of HDAC3 by the corepressors. Furthermore, HDAC3 seems to exert a nonenzymatic action on liver fat metabolism, as NS-DADm mice with a selective defect in HDAC3 deacetylase activity display far less pronounced triglyceride and cholesterol accumulation than liverspecific HDAC3 knockout mice You et al. 2013 ).
Regulation of NCoR1/SMRT

Transcription
In our laboratory, we established how NCoR1 expression ties into metabolic homeostasis ). Low-glucose or high-fatty-acid levels were identified to decrease NCoR1 expression, while insulin and highglucose levels increase its expression ( Fig. 2A) . Hence, NCoR1 levels are reduced in conditions favoring fatty acid oxidation in vitro and in vivo. In other words, NCoR1 activity is induced when glycolysis is favored over fat oxidation as energy source. These observations also demonstrate a logical and physiological link between the muscle-and adipocyte-specific NCoR1 À/À models (Saltiel 2011); when glucose is available, NCoR1 discriminates against oxidative metabolism and fatty acid utilization to favor the use of glucose in the muscle. At the same time, adipogenesis is kept repressed. In case of the consumption of a high-fat diet, NCoR1 levels adapt by going down, thus allowing muscle to switch to oxidative metabolism and adipose tissue to store the excess fat.
Another illustration of the importance of NCoR1/ SMRT expression as a dynamic regulatory mechanism was highlighted by its identification, together with the hedgehog pathway, in an RNAi screen to identify players in obesity in D. melanogaster (Pospisilik et al. 2010) . When translated to a mammalian context, Gli, the effector of the hedgehog pathway, occupied the SMRT promoter. Consequently, SMRT was induced upon the activation of the hedgehog pathway to repress adipogenesis (Pospisilik et al. 2010) . This was in line with earlier studies on limb development, where SMRT had already been identified as a Gli target (Vokes et al. 2008 ).
Alternative splicing
As mentioned previously, the domain composition of corepressor isoforms can direct their repressive activity toward specific transcription factors and their associated target genes in a tissue-or developmental stage-specific way ( Fig. 2B ; Goodson et al. 2005) . A case in point, the NCoR1d isoform favors adipocyte differentiation of 3T3-L1 preadipocytes, while NCoR1v represses adipogenesis, as NCoR1d lacks one of the RIDs contained in NCoR1v (Goodson et al. 2011) . Interestingly, the relative amount of these NCoR1 isoforms varies throughout the differentiation process, diversifying the spectrum of action of NCoR1 (Goodson et al. 2011 ). NCoR1 isoforms can also be differentially sensitive to post-translational modifications, such as mitogen-activated protein (MAP) kinase phosphorylation (Jonas et al. 2007 ).
Post-translational modifications
Two major post-translational modifications are reported to interrupt the repression by the NCoR1/SMRT corepressors and trigger their exit out of the nucleus; namely, phosphorylation and ubiquitination ( Fig. 3 ; Perissi et al. 2010) .
Ubiquitination by TBLR1 targets SMRT/NCoR1 for proteasomal degradation and favors the exchange of corepressors for coactivators (Perissi et al. 2004 (Perissi et al. , 2008 ). This usually occurs following the phosphorylation of TBLR1 itself by various kinase cascades. Interestingly, TBLR1, which belongs to the core repression complex, is thus involved in both repression with NCoR1/SMRT and the regulation of the dismissal of these corepressors, thus achieving a dual role. This may mean that repression and formation of the core repression complex are intrinsically transient because the complex is prone to dissociate sooner or later (Perissi et al. 2010) .
The inhibitor of the NF-kB kinase subunit a (IKKa), MAP kinase kinase kinase 1 (MAP3K1), and AKT were all found to phosphorylate NCoR1 and/or SMRT, resulting in their differential cellular localization (Hong et al. 1998; Hong and Privalsky 2000; Baek et al. 2002; Hermanson et al. 2002; Hoberg et al. 2004; Perissi et al. 2010) . As an example, EGF induces the phosphorylation of SMRT through the activation of MAP3K1, while MAP3K1 phosphorylates NCoR1 following interleukin-1b (IL-1b) signaling (Jonas and Privalsky 2004; Perissi et al. 2010 ). Increased SMRT phosphorylation and its aberrant cytosolic localization correlate with IKKa hyperactivation, which results in the enhanced expression of Notch target genes in the context of colon cancer (Fernandez-Majada et al. 2007a ). Interestingly, SMRT is capable of homodimerization to stabilize the corepression complex; SMRT dimerization is abrogated when ERK2, a component of the MAP kinases cascade, phosphorylates SMRT (Varlakhanova et al. 2011) .
mTOR is another signaling pathway that affects NCoR1 activity and energy homeostasis in the liver ( Fig. 4A ; Sengupta et al. 2010) . The mTOR signaling pathway adapts cellular activities to environmental signals and to the energy status of the cell (Laplante and Sabatini 2012) . PPARa, the main transcriptional activator of ketogenesis, is repressed in livers of aged mice due to hyperactive mTORC1 signaling, thereby blunting ketogenesis during fasting (Sengupta et al. 2010 ). mTORC1 may achieve this effect by regulating the subcellular localization of NCoR1, the predominant corepressor of PPARa. Indeed, in the context of activation of mTORC1 signaling, suppression of NCoR1 restored ketogenesis, suggesting that mTORC1 hyperactivation during aging reduces the reactivity (dynamics or flexibility) of NCoR1 toward the nutrient status and increases nuclear NCoR1 retention upon fasting (Sengupta et al. 2010) . Recent data have identified S6 kinase 2 (S6K2) as being the mTORC1 effector responsible for the repression of PPARa targets . S6K2, which is phosphorylated by mTORC1 in nutrient-affluent conditions, interacts with and enhances NCoR1 nuclear localization, stabilizing the PPARa/corepressor complex, ultimately silencing PPARa target genes. In line with this, S6K2 was found to be strongly associated with NCoR1 in nuclei of ob/ob hepatocytes, confirming the direct effect of nutrient availability and mTORC1 signaling onto NCoR1 intracellular localization. Together, these data establish a role for NCoR1 in the regulation of PPARa activity and ketogenesis by bridging them with mTOR signaling in the contexts of obesity and aging (Sengupta et al. 2010; Kim et al. 2012) . The fact that NCoR1 also suppresses oxidative metabolism in the muscle ) is concordant with this role in ketogenesis, as ketogenesis is critically dependent on fatty acid oxidation in the liver. These findings also resonate well with the implication of SMRT in the accelerated aging, sensitivity to oxidative stress, and development of the metabolic syndrome displayed by the SMRT mRID1 mouse (Reilly et al. 2010) .
However, these observations of a homeostatic role of NCoR1 seem to be in apparent contradiction with its role in early neural development and in glioma cells, where NCoR1 phosphorylation by AKT was thought to trigger its export out of the nucleus (Hermanson et al. 2002; Park et al. 2007; Perissi et al. 2010) . Indeed, as mentioned above, phosphorylation and ubiquitination of NCoR1/ SMRT were commonly considered to be the two mechanisms that dismiss the corepressors from the nucleus (Perissi et al. 2010) . Thus, the fact that the repressive activity of NCoR1 is enhanced by glucose, insulin, and mTORC1 activation (Sengupta et al. 2010; Yamamoto et al. 2011; Kim et al. 2012) , which usually are associated with enhanced AKT phosphorylation, seems in conflict with AKT phosphorylation being a transcriptional derepression mechanism that would inhibit NCoR1 action (Hermanson et al. 2002; Park et al. 2007; Perissi et al. 2010) . However, in line with the concept of AKT shutting down NCoR1-mediated repression, phosphatase and tensin homolog (PTEN), a known negative regulator of AKT signaling, was recently proposed to indirectly enhance the repressive activity of these corepressors ( Fig. 4B ; Watson et al. 2012a) . Together with inositol polyphosphate multikinase (IPMK), PTEN contributes to the formation of D-myo-inositol-tetrakisphosphate [Ins(1,4,5,6)P 4 ], a molecule that has been found to act as a glue for the SMRT/HDAC3 complex, thus being essential for the deacetylase activity of the complex.
The multiplicity of possible phosphorylation sitesmany potentially not yet mapped-within the sequence of these corepressors might be one explanation for these apparent contradictory effects. Other post-translational modifications could contribute to some of these differences; namely, sumoylation of NCoR1 (Fig. 3) enhances the repressive activity of NCoR1 (Tiefenbach et al. 2006) , while prolyl-isomerization mediated by the prolyl isomerase Pin1 (consequently to the phosphorylation of SMRT by Cdk2) affects the stability of SMRT (Stanya et al. 2008; Ryo et al. 2009 ). Future studies should therefore characterize not only these distinct phosphorylation sites, but also the role of other NCoR1/SMRT post-translational modifications. Furthermore, it should be explored whether context-specific differences in signaling-i.e., early development versus adult homeostasis-can explain some of these differences.
Functional integration of the roles of NCoR1 and SMRT-a systems view
Integrating the wealth of information obtained through the phenotypic analysis of these different models allows one to appreciate the pleiotropic functions that are influenced by NCoR1/SMRT.
Development
One of the most important functions of NcoR1/SMRT concerns their role in cell fate determination, cell differentiation, and lineage progression. NCoR1 and SMRT are both required for the maintenance of neural stem cells (Hermanson et al. 2002; Jepsen et al. 2007 ) and thus determine the development of neural lineages and the CNS. Additionally, NCoR1 takes part in embryonic hematopoiesis, and SMRT takes part in heart formation. Their homologs in lower organisms also confirm their crucial implication in neural development, as they influence forebrain and eye development (Tsuda et al. 2006; Xu et al. 2009 ), with crucial roles as early as the eight-cell stage embryo (Linney et al. 2011) . Even earlier in evolution, the homolog gei-8 is critical in multiple tissues (neurons, muscle, and intestine) and various stages of C. elegans development Mikolas et al. 2013) .
In adult mice, NCoR1/SMRT also controls cell fate decisions. This was first illustrated by their role in adipocyte differentiation in vivo, as the SMRT mRID , SMRT mRID1 , and adipocyte-specific NCoR1 À/À mouse models all show significant adipose tissue phenotypes, which have been linked to PPARg derepression (Nofsinger et al. 2008; Fang et al. 2011; Li et al. 2011) . In line with this, SMRT seems to keep the lid on terminal adipocyte differentiation of the 3T3-L1 fibroblast cell line until the appropriate signals appear; this repressive effect was traced to the interaction of SMRT with the transcription factors C/EBPb and KAISO (Raghav et al. 2012) . Additionally, SMRT also governs cell fate decisions in the lung through the regulation of a set of TR targets as discussed above (Pei et al. 2011) . The increased muscle mass and oxidative fiber type switch in muscle-specific NCoR1 À/À mice is a further indication of a role for NCoR1 in cell fate determination ). This function of NCoR1 in muscle fiber type determination seems conserved throughout evolution, given that gei-8 also determines worm muscle function ) and regulates transcription of muscle-specific genes (Mikolas et al. 2013 ).
NCoR1 and SMRT both have nonredundant functions during vertebrate development, as germline mutants of both corepressors are lethal. In line with this, mouse mutants for HDAC3, the enzymatic effector of the NCoR1/SMRT corepressor complex, are also not viable . In this context, it is interesting to note that NS-DADm and SMRT mRID mice are viable, which, respectively, means that lethality is not dependent on the interaction between NCoR1/SMRT and HDAC3 and that SMRT-NR interactions are dispensable during development (Alenghat et al. 2008; Nofsinger et al. 2008; You et al. 2013 ).
Metabolic homeostasis-lipid, glucose, mitochondria, and circadian regulation Strikingly, each of the NCoR1 and SMRT mouse models cited above shows metabolic abnormalities, highlighting the fact that NCoR1 and SMRT are essential for metabolic homeostasis (Fig. 5 ). Through interacting with NRs, such as the PPARs and ERRs, both corepressors modulate energy expenditure and oxidative metabolism by repressing mitochondrial biogenesis and function, as illustrated by the phenotypes seen in the muscle-specific NCoR1 À/À , NCoR1DID, SMRT mRID , and SMRT mRID1 mouse models (Nofsinger et al. 2008; Reilly et al. 2010; Astapova et al. 2011; Yamamoto et al. 2011) .
Glucose homeostasis is also modulated by SMRT and NCoR1, notably by regulating the sensitivity to thyroid hormone, as reflected by studies of the liver-specific NCoRi, L-NCoRDID, and NCoRDID mice (Astapova et al. 2008 Feng et al. 2011) . Moreover, PPARg and PPARb/d also influence insulin sensitivity and glucose homeostasis, as exposed by studies in the muscleand adipocyte-specific NCoR1 À/À mice as well as in SMRT mRID and SMRT mRID1 mouse lines (Nofsinger et al. 2008; Reilly et al. 2010; Fang et al. 2011; Li et al. 2011; Yamamoto et al. 2011) . The predominant impact of NCoR1 (and PPARg) on insulin sensitivity was perhaps nowhere better highlighted by the fact that thiazolidinediones were unable to further improve insulin sensitivity despite a striking induction of obesity in the adipocytespecific NCoR1
À/À mice ). Likewise, these corepressors were also shown to impact lipid homeostasis, as several of the above models develop obesity and features of the metabolic syndrome. Indeed, phenotypes such as fat accumulation, enhanced adipocyte differentiation, deregulated serum lipid profiles, or liver steatosis were observed in the above-listed mutant models, which disrupted the inhibitory interactions of NCoR1/SMRT with NRs, such as PPARg, PPARb/d, TR, Rev-erba, etc. In line with this, SMRT +/À mice became more obese on a high-fat diet compared with control mice, an effect not observed when these mice were fed a chow diet (Sutanto et al. 2010) . Interestingly, SMRT +/À mice showed an increase in the number of smaller subcutaneous adipocytes, which are known to be more insulin-sensitive (Hallakou et al. 1997) , and a decrease in leptin expression, resulting in an increased caloric intake upon high-fat feeding. As discussed in the frame of regulation by post-translational modifications, NCoR1 impacts ketogenesis through its interaction with PPARa (Sengupta et al. 2010) . It is worth noting that the identification of SMRTER in a Drosophila screen for genes involved in obesity confirms a long-standing implication of this corepressor family in lipid homeostasis (Pospisilik et al. 2010) . Similarly, gei-8 in C. elegans impacts mitochondrial homeostasis ) and the transcription of metabolic genes related to lipid, sugar, and amino acid metabolism (Mikolas et al. 2013) .
Furthermore, NCoR1 seems to occupy a pivotal role in the link between metabolism and circadian rhythm as the mediator for the repression of Bmal1 by the key circadian regulator Rev-erba (Alenghat et al. 2008) . Also, the recruitment of HDAC3 to genes involved in lipid metabolism and thus hepatic lipogenesis follows a diurnal pattern (Feng et al. 2011) . Consistent with this, mice with a liver-specific mutation of Rev-erba are characterized by hepatosteatosis, reminiscent of the phenotype of the liver-specific HDAC3 À/À mice Feng et al. 2011; discussed below) . Together, these findings indicate a critical function for NCoR1, and perhaps SMRT, in the circadian regulation of metabolism.
Whereas all of the above clearly underscore that the pleiotropic metabolic and circadian actions of both corepressors are partially explained by their intersection with multiple transcriptional pathways, NCoR1 and SMRT also cross-talk with other cofactors. Strikingly, within this context, there exist strong parallels between the SMRT mutant mouse models and the liver-specific HDAC3 À/À mice. Like the SMRT mutant mouse models, the liver HDAC3 À/À mice develop nonalcoholic fatty liver disease as a result of derepression of lipid and cholesterol synthesis genes . This phenotype could be rescued by antagonists of either PPARg or mTOR signaling, indicating that HDAC3 regulates hepatic lipid metabolism through PPARg and mTOR . Although NS-DADm mice are devoid of HDAC3 deacetylase activity, these mice did not display the severe metabolic impairments that typified HDAC3 gene deletion in the liver and heart Montgomery et al. 2008; Sun et al. 2011 Sun et al. , 2012 , suggesting the existence of metabolic defects that are independent of the loss of the deacetylase activity of HDAC3 (You et al. 2013) .
The alterations observed after muscle NCoR1 deletion, such as enhanced oxidative metabolism, fiber type switching, and exercise endurance, are reminiscent of the changes that typify PGC-1a overexpression and/or activation (Lin et al. 2002; Arany et al. 2008; Yamamoto et al. 2011) . The repression that SMRT exerts on oxidative stress resistance genes during the aging process (Reilly et al. 2010 ) goes hand in hand with this affirmation, as PGC-1a enhances ROS defense (St-Pierre et al. 2006) . In summary, the NCoR1/SMRT (or HDAC3) corepressors seem to oppose the action of coactivators, such as PGC-1a, highlighting the yin-yang relationship between corepressors and coactivators on a physiological level.
Inflammation Regulation of inflammation is another major function of NCoR1/SMRT. Both NCoR1 and SMRT repress proinflammatory genes in macrophages, many of which are NF-kB targets ( Fig. 6A ; Pascual et al. 2005) . While innate inflammatory stimuli, such as LPS, cause NCoR1 clearance from promoters and activation of the expression of these inflammatory genes, the antiinflammatory effects of PPARg and LXRs ligands were shown to prevent NCoR1 dismissal (Pascual et al. 2005; Ghisletti et al. 2007 ). This mechanism involves liganddependent sumoylation of PPARg and LXRs on their ligand-binding site, which in turn inhibits NCoR1 ubiquitination or phosphorylation induced by LPS, normally leading to its clearance from promoters in proinflammatory conditions. In other words, sumoylated PPARg or LXRs are able to inhibit inflammatory responses by binding to NCoR1 and keeping it docked on the promoter region of NF-kB target genes even if proinflammatory signals are heightened. While this mechanism appeared to be a general strategy underpinning NR transrepression of proinflammatory genes, the differential sumoylation of LXRs and PPARg, although similar in nature, enable distinct transrepression pathways to be solicited in a signal-or gene-specific manner. Moreover, NCoR1 dismissal after Toll-like receptor (TLR) activation can be triggered by various signaling pathways, such as p65/IKKe kinase or calmodulin kinase (CaMKII or CaMK2), depending on whether TLR4 or TLR-2 is stimulated, respectively ). The highly flexible and combinatorial mode through which this enables NCoR1 to regulate inflammatory responses is remarkable.
In the context of TLR4-inducible target genes, both corepressors can be recruited independently, as the transcription factors mediating their anchorage in the promoter region are different ). NCoR1 is apparently recruited by interacting with unphosphorylated c-JUN bound to activator protein 1 (AP1) target sites, while SMRT binds to the ETS leukemia (TEL) protein and the p50 subunit of NF-kB. This differential anchorage defines specific sets of targets for NCoR1 and SMRT repression. However, these sets are overlapping, meaning that, for a subset of TLR4-inducible target genes, both NCoR1 and SMRT are required on the promoter at the same time and in a mutually dependent way to mediate repression. Moreover, as discussed above, separate mechanisms are responsible for the dismissal of NCoR1 and SMRT.
Another angle of the overall contribution of NCoR1/ SMRT to the inflammation process has been exposed by studying their respective cistromes in macrophages ( Fig.  6B ; Barish et al. 2012) . In fact, part of the anti-inflammatory role of SMRT and NCoR1 involves its binding to B-cell lymphoma 6 (BCL6) protein, a central transcription factor that represses TLR-initiated responses in macrophages. NCoR1/SMRT antagonize the NF-kB-driven proinflammatory program by also mediating the repression exerted by BCL6, which makes both corepressors major players that inhibit chronic inflammation and atherosclerosis (Lee et al. 2003; Barish et al. 2012) . Interestingly, BCL6 was found to mediate the anti-inflammatory actions of ligand-activated PPARb/d in macrophages (Lee et al. 2003) . Unliganded PPARb/d is bound to BCL6, hindering its anti-inflammatory potential. Ligand activation of PPARb/d releases BCL6 and reduces inflammation-related atherosclerosis (Lee et al. 2003; Takata et al. 2008 ; Bishop-Bailey and Bystrom 2009). (Pascual et al. 2005; Ghisletti et al. 2007) . In response to the activation of TLR in the context of innate immunity, specific downstream kinase pathways (e.g., IKKe and CamK2) trigger the clearance of NCoR1 ). Activation of TLR4 or interferon g (IFNg) signaling can clear SMRT from ETS sites. (B) Ligand activation of PPARb/d dissociates it from the transcriptional repressor BCL6. BCL6 mediated recruitment of NCoR1/SMRT to the promoter of NF-kB target genes, then counters sustained inflammation in the context of atherosclerosis.
The multiplicity of distinct signaling pathways and mechanisms that take part in the regulation of inflammation by NCoR1/SMRT suggests that these proteins have evolved as central integrators of pro-and antiinflammatory signals.
Cancer Given its involvement in the control of metabolism and inflammation, it is no surprise that NCoR1/ SMRT are involved in the development of cancer. NCoR1 and SMRT have previously been linked to several kinds of leukemia as well as glioblastoma multiforme and colorectal and endometrial carcinoma (Fernandez-Majada et al. 2007a,b; Karagianni and Wong 2007; Park et al. 2007; Kashima et al. 2009; Perissi et al. 2010) . In these cases, their implication was explained by aberrant interactions with mutated proteins or the deregulated expression and subcellular localization of NCoR1/SMRT. In the context of breast cancer, a decrease in the stability and levels of SMRT was directly associated with acquired tamoxifen resistance, as SMRT mediates repression by the estrogen receptor (Ryo et al. 2009 ). During the progression of prostate cancer, the decreased recruitment of SMRT alters the response of androgen receptor to androgens, which may also explain resistance to hormonal treatments Yoon and Wong 2006; Godoy et al. 2012) .
The role of NCoR1/SMRT in cell proliferation was already suggested by work performed on their functional homolog in yeast, Snt1, which is part of the SET3 complex (Pijnappel et al. 2001) and is known to be involved in cell cycle regulation. In line with this, HDAC3 deletion in mouse embryonic fibroblasts led to apoptosis because of DNA damage and disruption of DNA repair pathways ). Thus, these findings revealed roles of the NCoR1/SMRT complexes in S-phase progression and genomic stability . More precisely, the NCoR1/SMRT complex is responsible for the maintenance of acetylation and methylation patterns during S phase, which are essential for DNA repair and genomic stability (Bhaskara et al. 2010) . Furthermore, deletion of the chromosomal region containing NCoR1 or down-regulation of NCoR1 expression are common in human hepatocellular carcinoma. Consistent with this hypothesis, SMRT and HDAC3 were shown to be involved in cell cycle regulation in 3T3-L1 fibroblasts (Fajas et al. 2002; Raghav et al. 2012 ). These observations functionally link HDAC3-containing corepressor complexes involved in cell cycle regulation with adipocyte differentiation and metabolic control. In combination, these studies in different species suggest that cell cycle regulation is one of the ancestral roles of NCoR1/SMRT complexes, which has evolved in higher organisms to encompass the formation of heterochromatin to fine-tune gene expression patterns in a cell-and context-specific way.
Perspectives
The corepressors NCoR1/SMRT have been proven to be crucial hubs in the complex network of transcriptional regulation during development and homeostasis across evolution. The multiplicity of the physiological pathways, which these corepressors influence on an organismal level, is a hallmark of their wide-ranging regulatory roles. Despite their structural similarity, NCoR1 and SMRT use mechanisms such as alternative splicing and differential post-translational modifications to diversify their actions depending on the developmental stage, tissue, metabolic milieu, and signaling context. Thus, while NCoR1 and SMRT are partially both similar and redundant, they have specific and divergent signaling actions that are complex and finely tuned. Future studies should further clarify the precise mechanisms by which NCoR1/SMRT achieve this diversity. One important aspect is to establish the role of NCoR1 and SMRT as bona fide metabolic sensors, which involves their regulation by upstream regulatory factors and their integration into established nutrient-sensitive signaling pathways, such as those controlled by insulin, mTORC1, and AMPK. Other work should elucidate the downstream signaling and transcriptional networks governed by NCoR1 and SMRT and should involve the characterization of additional temporally and spatially controlled NCoR1/SMRT mouse models. These studies could also be facilitated by establishing the role of these corepressors in simple model organisms, such as C. elegans and D. melanogaster, as corepressor signaling is evolutionary conserved. Finally, human genetic studies are required to further validate the role of NCoR1 and SMRT pathways for human biology with the ultimate hope that their signaling pathways could be exploited as potential drug targets to prevent or treat disease states that involve altered function of these corepressors.
